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ABSTRACT

In powder bed additive manufacturing (AM), the powder spreading process can lead to
inhomogeneity in layer height, porosity level, and particle size distribution. Hence, creating homogeneous
layers is the first task for optimal printing. The conventional assessment methods for powder quality are
limited to a measurement of powder morphology, flowability, particle size distribution, surface
roughness, and packing density. However, those techniques may not be the most appropriate to quantify
the powder bed characteristics since it is not able to capture local particle configuration and does not
provide any vectoral information (e.g., arrangement of contacts between particles during spreading). In
this project, we: 1) developed a powder spreading model using discrete element method (DEM) for
multiple-layered process, 2) experimentally measure powder spreading dynamics including static angle of
repose (AOR) and dynamic AOR in order to calibrate and subsequently validate the model, and 3)
investigated the effect of particle spreading process parameters on spatial powder bed structure and
quality using scalar (e.g., porosity, surface roughness, coordination number, and particle size distribution)
and tensorial (e.g., directionality of inter-particle contacts) methods for a comprehensive quantification of
powder bed.

1. INTRODUCTION

Additive manufacturing (AM) encompasses a suite of technologies that make three-dimensional (3D)
objects incrementally, layer by layer. Two key steps in that 3D construction are: (i) powder spreading
wherein a pile of powder is pushed over an existing surface (build plate or previous powder layer) to
spread a thin layer of powder, and (ii) powder fusion or binding wherein powder particles are selectively
fused (via application of a laser or electron beam) or bound (via deposition of fluidic binders, e.g., in
inkjet printing) together to shape a solid, cohesive, 3D object.

The powder spreading process in powder-bed based AM often leads to layers with varying heights
and areas of high porosity (two culprits for defective parts). A bulk of the research in powder-bed based
AM is mostly concerned with the second step, namely powder fusion or binding step, assuming regularly
packed particles and thereby an ideal powder spreading. However, the powder spreading is far from ideal
and often the main culprit for two powder layer defects: (a) varying heights (or high roughness), and (b)
high porosity. The lack of fundamental understanding of powder spreading process has led to: 1) a very
limited choice of powder material, 2) part defects caused by non-uniform layers and porosity, and 3) a
highly empirical process tuning that is time- and cost-inhibitive. The outcome of the latter is often a
solution that features default spreading speeds and slow printing rates.

To address this identified AM technology gap, we have developed experimental techniques and
computational models for powder spreading and the resulting particle configurations. The GE global
research center (GRC) team used its expertise in powder mechanics and tribology as well as metal
additive processes to develop experimental technologies for powder and process characterization. The
ORNL team developed the computational models for powder spreading using High-Performance
Computing (HPC) and computational modeling tools tuned to the experimental results performed by the
GE GRC. The computational model is based on the Discrete Element Method (DEM) that represents
powder as a collection of interacting discrete particles. The collide, slide, and clump are based on the
interaction models which must be derived from the experiments. The number of particles required for
modeling powder spreading is large and requires correspondingly large computational resources. For
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three-dimensional problems, these are considered in this study, the computational demands quickly scale
out of realm of computational feasibility in the industrial setting and necessarily have to be constrained by
the engineering insight, and domain size. The ORNL’s HPC capabilities enable us to minimize those
limitations and provide predictive computational framework that can be scaled and transferred into
industrial research and production settings.

In the following, we describe the development of the HPC computational framework for modeling
powder spreading supported by the experimental techniques for process and powder characterization.
Rheological properties of commercially available powder systems were measured to characterize the
energy and resistance required to spread powders. A computational modeling framework for the powder
spreading process was developed and experimental data was used to tune the particle interaction models
and other process variables. Powder spreading under various conditions was then simulated using the
developed framework and the HPC resources. The simulations of spreading of powder across multiple
layers show good correlation to experiments. Computational results provide spatial distribution of powder
size distribution, segregation, powder configuration, anisotropy, transport properties, as a function of
process parameters. The results meet the goals of HPC4MFG program by using the HPC as an enabling
technology to address an industry-wide problem by developing a model-based predictive framework for
powder spreading process. The results of this project will accelerate transformational technological
advances in metal AM space. Developed computational framework and the supporting experimental
technology support optimization of powder spreading process, reduction of testing cycles, shortening of
time to market, and reducing waste and rejected parts.

2. TECHNICAL RESULTS AND DISCUSSION

In this section, we introduce key results generated from the experiment and simulation performed
by GE and ORNL and discuss the significance of the findings. The outline is as follows. Section 1
presents the experimental methodologies how the powder properties and flow behavior were determined
using laser light diffraction particle size analyzer, angle of repose method, powder spreading system, and
in-situ measurement tool. Section 2 shows the numerical methodologies used to establish multi-layer
DEM simulation framework. Section 3 validates the computational model in comparison with the
measured data and extends to capture characteristic features of powder layer under the various
combination of spreading conditions. Section 4 shows unique approaches for full quantification of
powder bed. The potential impact of inhomogeneous powder bed quality is demonstrated using heat
transfer model.

2.1 CHARACTERIZATION OF PARTICLES
2.1.1 Measurement of Particle Size Distribution

The size and distribution of Co-Cr particles were measured using a Microtrac S3500 laser light
diffraction particle size analyzer. The powder lots particle size range is between 25 um to 105 pm. The
measured Dyg, Dso and Dy are 29.84 um, 52.08 pm and 86.11 um, respectively. The measured particle
size distribution (PSD) values were converted into LIGGGHTS simulation [1] based on the Dy~Dos



values. Figure 1 shows (a) the measured and converted particle size, and distribution and (b) particles in
the DEM simulation.

100 | Rad.
(a) (b) ' 50 (um)
80 § ‘
.:; 41 (um)
c
g . 32 (um)
g 2035 3550 5065 6580 B0_85 95_105
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Figure 1. (a) Measured and converted particle size distribution and (b) particles in DEM simulation.
2.1.2  Angle of Repose

The experimental setup for angle of repose measurements (AOR) is presented in Figure 3. The
dimension of the box in Figure 2(a) is 40 mm (L) x 30 mm (W) x 35 mm (H). Initially, the powder is
scooped with a spatula and fills about 50% of the box, Figure 3(b). Once the powder is loaded, the bottom
plate of the measurement system slides to the left such that powder falls into the bottom reservoir. As a
result, the remaining particles on the bottom plate in the Figure 3(c) creates the pile-up. The disk behind
the powder is adjusted until the visual lines align with the angle of the powder pile, thus measuring the
static angle of repose. The experimental result for this lot of CoCr powder is a measured angle of repose
of 33°.

Figure 2. Experimental setup for angle of repose (AOR) (a) Empty box, (b) Half-filled particles before the
experiment performed, and (c) The slit is sliced out and the particles form the angle. The measured value of
AOR is 33.0°.



2.1.3 Powder Spreading System

A powder bed test rig was designed and built to evaluate powder spreading onto a bed. To do this, we
opted to utilize a moving stage and a stationary blade such that the dynamic angle of repose can be
measured using a stationary camera perpendicular to the stage and aligned with the recoater blade, in
Figure 3. The recoater blade is a Concept Laser hard recoater fixed to a stationary stand. Powder is
dropped onto the test platform from above the plate and then spread at a fixed speed (2.54 cm/s, 5.08 cm/s
or 12.7 cm/s) dictated by the speed of the moving stage. The blade can be adjusted to accommodate
powder layer thicknesses in increments of 102 pm to 127 pm after an initial bed of ~1mm is placed onto
the stage.

Side view Top-down view

Top-down camera

Recoater Powder
blade is S=drops on
stationary i this side

¢ Stage
moves

this way

Figure 3. Powder spreading set-ups.

Table 1 presents the different layer thicknesses achieved for the 2.54 cm/s recoating experiments.
Initially, the powder bed is charged with ~Imm of powder to create the powder bed. Then the bed
recoater coats a ~100 um layer powder layer while the camera is used to capture the dynamic angle of
repose resulting in the interaction between the powder being deposited onto the bed with the existing 1
mm powder bed on the moving stage.

Table 1. Layer thickness used in the experiment

Layer # Layer thickness Total bed height
1 508 pm 508 pm
2 508 pm 1016 um
3 102 pm 1118 um
4 127 pm 1245 pm




2.1.4 In-Situ Measurement of Powder Flow

During each powder spreading experiment the images were captured using a Point Grey GS3-U3-
50S5M-C camera. An initial calibration image was used to determine the length scale on the center plane
of the recoater blade, Figure 4(a). The focus is maintained on this plane throughout the experiments.

Image post-processing was performed to determine the dynamic angle of repose the powder makes
with the existing powder bed, 0, for each image captured during the experiment, Figure 4(b). Image
analysis was done using Clemex, Inc. vision image analysis software version 8. A routine was written that
sequentially opened the images beginning with the start of spreading each layer. Each image in the
selected folder would be enhanced for sharpness to brighten the image and make it easier to discern the
angle of the powder. The angle of the powder was observed and an angle tool was used to draw a line
which aligned with the apparent angle of the loose powder and automatically quantified.

Figure 4. (a) calibration at the focus plane at the center along the recoater blade, (b) example of the dynamic
angle of repose, 0, measured during the spreading event.

2.2 METHODOLOGY FOR NUMERICAL MODELING
2.2.1 Discrete Element Method for Powder Spreading

Handling and spreading of powder materials is an integral step of AM. The metal powder contains
particles of various sizes and shapes that can vary depending on the handling and reuse of the material.
The powder macroscopic response results from the microscopic interaction between the individual
powder particles through friction, collision, and cohesive forces. During rapid movements such as in
powder spreading, inertial forces are also important. The competition between dissipation, elastic, and
inertial forces can create multitude of powder macroscopic responses that are difficult to describe using
the methods of continua, either solid or fluid mechanics.

DEM is an alternative approach that models the particulate assemblies by explicitly modeling the
underlying particles and their micro-mechanical interactions. While drawing on a simple premise, this
approach was not practical until HPC resources enabled modeling of a large number of particles that are
representative of the macroscopic behavior of the particle assemblies. DEM is inherently an HPC
technology and is increasingly used in industry. The principal strategy for computational acceleration



using parallelism is by using methods of domain decomposition which allow us to consider the large
assemblies of particles, i.e. large volume of powder in AM. However, since the DEM uses explicit time
integration schemes, the acceleration of time integration is still an open question and active area of
research.

In the DEM code, the metal powder bed is considered as an assembly of discrete entities. The
Hertzian contact model with friction [1, 2] was used to account for interaction between particles and
recoater system. There are various adhesive forces present in particle level such as electrostatic force, Van
der Waals force, and metallic bonding. Also, the powder deposition happens in atmospheric conditions in
many AM processes such that particle surface condition is highly sensitive to oxidation, contamination
and moisturization. However, practically measuring all the relevant forces are difficult and the values
vary by a couple of orders due to surface asperity/roughness, contamination, and oxidation [3, 4, 5].
Furthermore, there is little reliable experimental data available for the values of effective cohesive energy
in literature. It is concluded that the values of adhesive energies between particles should be calibrated in
terms of cohesive energy. The simplified Johnson-Kendall-Roberts (SJKR) model is used to implicitly
consider the cohesion force on the basis of Hertzian theory [6]. Additional normal force tending to
maintain the contact is calculated using equation (1):

F.= kA 1)

where k is the cohesion energy density and 4 is the contact area between spheres.

The particles are simplified as a perfect sphere. Total force acting on a particle consists of contact
normal force, contact shear, gravitational force, and cohesion force. Total momentum force is a sum of
momentums derived from contact shear and relative particle rotation in between two particles. The total
force and momentum force are used to calculate the translational and rotational acceleration using
equations (2) and (3). The particle velocities are calculated by integrating these accelerations using
leapfrog integration method [7, 8] and finally, the displacement and position of discrete particles can be
calculated at the end of each time step.

Ft0f=FCTl+ FCS+ Fg‘l‘FC:m..X.: (2)

Mot = Mg+ M, =1 (3)

where F.,; is total force acting on a particle, F, is contact normal force, F s is contact shear force,
F 4 is the gravitational force, m is particle mass, X is acceleration velocity of particle, My, is total
momentum acting on a particle, M.s is momentum caused by shear force, M, is rolling resistance, I is
inertial of a particle (e.g. / = 2/5mr?) and & is angular acceleration of a particle.

In this work we used the public domain DEM code LIGGGHTS which is an extension of a public
domain code LAMMPS [1, 9]. LAMMPS is a general molecular dynamics software that also has particle
short-range mechanical interactions that can be used for modeling granular assemblies. LIGGGHTS
expands on the existing DEM capabilities of LAMMPS by adding some features that enable easier
handling of moving boundaries and particle mechanical manipulation. Since both codes are following the
same input syntax and are under continuous parallel development, they can be used interchangeably with
little model modifications. One advantage of the LIGGGHTS is that it supports coupling with the
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computational fluid dynamics (CFD) code OpenFOAM and used for modeling coupled particle-
continuum problems [1, 9].

2.2.2 Calculation of Fabric Tensor

Fabric tensor is a metric that quantifies microstructural direction-dependent features in tensorial form
[10]. The fabric tensors can be constructed from interparticle contact vectors in the particle assembly or
powder bed. Since the particles are assumed as spheres and soft contact [11] in DEM simulation, the
contact vector can be calculated from the area where two random sphere particles are in contact. By
comparing the center to center distance of two particles to the sum of the two radii, Figure 5, the contact
area and contact normal vector can be identified in DEM simulation.

A®

Con’r&c’r
Point

Figure 5. Illustration of spheres in contact showing contact normal vector.

Three kinds of fabric tensors have been developed to describe and characterize the directional
datasets (i.e. orientations of each particle) of random packing [10, 2]. In this report, the fabric tensor of
second and fourth rank was used to quantify the directionality of interparticle contacts in the powder bed.
The second and fourth rank fabric tensors are defined as below:

1N 1N

NP =3 a@n®, NE® =3 a@n@nf@nfo “4)
15 1 315 2 1

FiP = NG —58y), FEP = NG 305N + 53858) ©
15 1 315 6 3

D) = Z(N{P —36y), DY = (NP —78;N{P + 35861) (©)

where N;; is the fabric tensor of the first kind referred to as moment tensor, N is number of directional
data, n is directional data (i.e. contact vector in this report), F;; is the fabric tensor of the second kind
referred as fabric tensor, §;; is Kronecker delta ,and Dj; is the fabric tensor of the third kind referred to as
deviatoric tensor. The moment tensor is the average of unit vectors. This tensor plays a key role in
deriving tensor quantities characterizing the contact distribution. The fabric tensor is a coefficient tensor
and describes the distribution function of directional dataset. The deviatoric tensor is also a coefficient
tensor determined by the least-square error method.

In this report, the directionality of contact vectors is our only interest such that the unit vectors of the
contact vectors are used for the calculation of the fabric tensor. Once the contact vectors are found, the
fabric tensor can be visualized using the rose diagram which is frequency histograms plotted in a polar
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coordinate system [12, 13, 2]. For the visualization, MATLAB’s software package MMTensor [14] was
used. Literature has broadly reviewed the fabric tensor in granular materials, but this method has not been
popular in the AM community to date.

2.2.3 Model Setup

AOR test has been extensively used to calibrate and validate the DEM simulation [3]. The
computation domain for the AOR simulation was set within the dimensions of 6 mm (L) x 3 mm (W) x
1.8 mm (H) in Figure 5. 105,000 particles are inserted into the rectangular box using the raindrop method,
and approximately half-filled. 10 x 10 x 10 mm reservoir was placed beneath the rectangular box to
collect the fallen particles in Figure 6. Particle size is in the range of approximately 14 pm to 50 pm in
radius. The bottom plate slides out to the left side of the system to allow particle-drop under the action of
gravity.

Radius (cm)

~+- ~ ~+- ~+- — — — — — 5.0e-03
045 [
044 -4 — 0.004
B3 -
— 0.003
). 34~ 4
6mm i
254 <+
e [ 0.002
£ 4
g %154 OO_ 1 1.4e-03
0. — -+
D 054 4
Sliding
e

Figure 6. Simulation setup for AOR prediction, 105,000 particles are filled with half of the box and fall as the
bottom plate slides out.

The particle spreading process distinguishes between the DEM simulation for powder bed AM and a
typical particle packing simulation since the interaction between recoater and particles changes the quality
of the powder bed [15]. Figure 7 shows the geometry of the powder spreading simulation before adding
the particles. The simulation has the dimensions of 18.9 mm (L) x 3 mm (W) x 1.8 mm (H) for the
spreading plate. The recoater thickness is 0.5 mm and has an angle of 10° at the bottom edge, which are
the values used in the experiment. The particles are inserted into the front of the rake at every layer
deposition step. The spacing between rake and the plate was set to be 102 um or 508 pm depending on
the experimental setting.
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Figure 7. Computation domain for powder spreading simulation.

2.2.4 Workflow for simulations of spreading of multiple layers

In this study, the multi-layer spreading simulation consists of two steps: 1) generation of initial
particle pileup, and 2) spreading the particles using recoater. The workflow to simulate multiple layer
spreading process is given in Figure 8. The initial particle pile in Figure 8(a) was generated using the
raindrop method, in which particles fall because of gravity. After the particles become stabilized, the
information of individual particles including x, y, z coordinates and radius was exported from the particle
generating system and imported to the actual spreading system including rake in Figure 8(b). It is
reasonable simplification because the shape of particle pileups is similar or the same at every drop. In
practice, since the particles are poured at the beginning of every spreading step or moved from powder
reservoir, this method can significantly reduce the total computation time used for particle drop and
settlement or moving. The insertion of initial particle pile is shown in Figure 8(b) and (d). The creation of
first and next layer are shown in Figure 8(c) and (e).
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Figure 8. Workflow to model the layer deposition process. The initial particle stacks in (a) are inserted at
every beginning of the deposition, (b) and (d) which method significantly reduces the total computation time.
The spreading steps are shown in (c) for the first and (e) for the second layer.

2.3 EFFECT OF PARTICLE SPREADING DYNAMICS ON POWDER BED QUALITY
2.3.1 Modeling and Calibration of the Angle of Repose

AOR is a widely accepted method to calibrate and validate the particle properties. We analyzed the
interactions of particle to particle and particle to manufacturing systems involving static friction, rolling
forces, restitution, and cohesive forces in terms of AOR. Obtaining all particle properties may not be
feasible experimentally [3, 4]. For instance, the cohesion energy between particles and particle-system is
not only difficult to measure but also varies by a couple of orders due to surface roughness,
contamination, and oxidation [3, 4]. The base values of particle properties were assumed to be restitution
(= 0.1), static friction (=0.4), rolling (=0.05) and cohesion force (= 3.2e+7 unit).

AOR and powder spreadability rely heavily on the interactions of particles to particle and particle to
wall in the system. The effect of friction and rolling coefficient on AOR was investigated in Figure 9. The
coefficient of static friction and rolling is increased by 1.5 times in Figure 9(a) and three times in Figure
9(b) respectively. The angle becomes 28.8° and 29.0° at cohesion force of 3.2e+7. It indicates that both
coefficients contribute little to the increase of the angle.
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Figure 9. Effect of static friction and rolling coefficient on AOR. Both coefficients showed little influence on

the change of AOR.

Since the cohesion force has strong influence on AOR [3], cohesion force is varied from 3.0e+7 to
3.6e+7. Figure 10 shows that AOR increases from 28.9° to 32.1° as the values of cohesion force increase
from 3.0e+7 to 3.6e+7. Notice that the predicted AOR is 32.1° at cohesion force of 3.6e+7 which is in
good agreement with the measured AOR of 33.0°.
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Figure 10. The predicted AOR with particle cohesion energy (a) 3.0e+7, (b) 3.5e+7 and (c) 3.6e+7 that shows
the best match with the measured value of 33.0°.
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2.3.2 Formation of Deposit Layers

The powder bed thickness varies with the layers in Table 1. The first two layers have 508 pm, and the
next two layers have 102 pm and 127 um layer thickness, respectively. The gap spacing between the rake
and spreading plate should be adjusted every layer in correspondence to the specified bed height in the
experiment. The predicted and experimentally measured bed height were compared at every layer in
Figure 11. The predicted results are well agreed with the measured within 1% error range.
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Figure 11. Validation of the predicted powder bed height. The bed height matches well with the experiment.
The predicted bed height matches with the measured height (in Table 1) within 1% error range.

2.3.3 Dynamic Angle of Repose

In powder bed AM process, particles with good spreadability are beneficial to form defect-free
layer. AOR may be insufficient to describe the particle dynamic behavior during spreading since it
captures the angle in static equilibrium state. However, dynamic AOR accounts for interactions between
particles and recoating systems such that it captures transient variation in particle motion. Figure 12
shows the evolution of AOR and pile geometry with time at third layer. In Figure 12(a), the dynamic
AOR is almost constant overall in both experiment and simulation. There are little fluctuations present
because of particle random motion. Notice that there is an abrupt increase of the angle at the beginning of
the spreading stage in experiment. It indicates that there is a strong resistance against forwarding motion.
Then, the strong bonding is broken by the rake and the angle becomes consistent. It can be explained that
the experiment was carried out in atmospheric conditions that possibly contains moisture. The simulation
is not able to capture the change of the moisture. After the breakage, however, the model reasonably well
predicts the variation of dynamic AOR. Figure 12(b)-(d) shows the characteristic shape of powder piles
from the results of both simulation and experiments. The volume of the pile progressively decreases as
the powder pile is moved by rake from (d) right to (b) left region of the plate. It is because the particles
are consumed to form the powder layer. Flat toe region appears at the top of the powder pile in both
simulation and experiment in Figure 12(d) and disappears as the particles are consumed in Figure 12(b).
The DEM simulation captures well the appearance and disappearance of flat toe region.
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Figure 12. Comparison of dynamic AOR with experiment, (a) Evolution of dynamic AOR with time, (b)-(d)
Characteristic geometry of powder pile compared with experimental images.

Smaller dynamic AOR indicates better spreadability of powder particles during layering stage [16].
Figure 13 shows the evolution of the dynamic AOR with rake velocity. Rake velocity was increased by
x2 and x5 times from the default velocity of 2.54 cm/s. In general, the dynamic AOR increases with
increase of rake velocity from 27.3, 29.6 to 38.3°. Also, a higher gradient of the angle variation was
observed with the increase of the rake velocity. These increases imply that higher rake velocity possibly
decreases the spreadability of particles. Consequently, the inferior quality of powder bed can be
developed at high rake velocity (e.g. poor surface roughness and low packing density).
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Figure 13. Evolution of dynamic AOR with rake velocity. High velocity increases the dynamic AOR and the
gradient of angle variation.

2.3.4 Influence of Rake Velocity on Powder Bed Quality

2.3.4.1 Variation of packing density

Packing density is one of the critical parameters influencing powder bed quality. It is reported that a
higher packing density is favorable to produce denser parts with better surface finish [8]. The packing
density is defined as the ratio of the total volume of the particles to total volume of the box enclosing all
of the particles. Figure 14(a) shows the variation of packing density with the change of rake velocity at
the first layer. The density was decreased by about 5% as the rake velocity increases by five times. Figure
14(b) shows the change of surface quality at different rake velocities. The velocity of x1 produces fairly
uniform surface while the velocity of X5 generates unfilled and non-uniform surface at the left side of
powder bed. It confirms that higher rake velocity highly produces poor surface finish.
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Figure 14. Variation of (a) packing density and (b) surface roughness with rake velocity.

2.3.4.2 Particle segregation

Figure 15 shows the predicted PSD (a) before spreading and (b) during deposition. The particles
are uniformly mixed at the initial particle pile while coarser particles are observed in the particle pile at
the rake front during deposition. The thicker radish color indicates that there is more ratio of coarser
particles present in the pile in Figure 15(b). Comparison of the measured PSD with the predicted PSD at
before spreading and after spreading was made in Figure 15. The PSD before spreading is the same as the
measured one. However, as the rake moves the particles to the end of plate, the PSD shifts toward the
right region (=coarser region). It indicates that particle segregation occurs by the interaction between
particle and rake system. The particle segregation was recently reported in the AM experimental literature
[17, 18, 19]. The author hypothesized that dynamic particle-recoater interaction can lead to particle
segregation during particle spreading stage. The segregation possibly causes inhomogeneous packing

density in the powder bed. Consequently, it increases a chance of generating defects during melting
process.
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Figure 15. Particle segregation on the top surface of the powder stack front
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Figure 16. Comparison of the measured PSD with the predicted PSD at before spreading and after spreading.

PSD is one of the indicators to determine the powder bed quality. The influence of recoating systems
on PSD should be investigated to optimize the system for acceptable part quality. Figure 16 shows the
variation of PSD in the first layer as a function of rake velocity. The values of particle radius are taken
from the left half of the powder bed after the raking is completed. Note that PSD shifts to a finer region as
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increasing rake velocity. As seen in Figure 15 and 16, the coarse particles are segregated to the front of
the moving pile. This may drive the PSD shift to coarser particle region at lower rake velocity. In other
words, higher rake velocity leads to stronger mixing of particles. The PSD shifts to finer region. This
shows that particle segregation should be alleviated to achieve desired final part properties.
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Figure 17. A shift of PSD as a function of rake velocity. Higher rake velocity drives PSD shift to finer region.

2.4 QUANTIFICATION OF POWDER SPREADING PROCESS
2.4.1 Scalar methods: Packing Density, Coordination Number, Particle Size Distribution

Coordination number (CN) varies with densification level from loose packing to full
densification. Material properties such as green part strength, thermal and electrical conductivity are
typically proportional to packing density (PD) and CN. Thus, knowing the relationship between PD and
CN is critical to the powder particle associated processes including sintering, hot isostatic pressing, and
powder bed fusion AM. The mathematical relationship was established in powder metallurgy literature
using a semi-empirical formula of equation (7) [20].

CNg=2+11f (7

Evolution of average CN in the powder bed AM is shown in Figure 18. Roller compresses the
particles in a forward and downward direction. The average CN increases from approximately 2.5 to 4.0
because of the interaction with the recoater systems. It shows that the number of interparticle contacts
increases as the roller moves at the beginning of the spreading process.
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Figure 18. Evolution of average coordination number because of interaction with recoater system. Roller
compresses the particles and increases interparticle contact at the beginning of the spreading process.

Figure 19 shows the influence of recoater velocity on CN. Two types of recoater (i.e., rake and roller)
were used for powder spreading. CN changes by approximately 0.2 in the given velocity range of 2.54
cm/s to 12.54 cm/s for both types of recoater. This minor change shows that the effect of recoater
geometry can be neglected in CN.
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Figure 19. Variation of overall coordination number (CN) in the powder bed at different recoater velocities.
Change of recoater geometry shows little effect on CN.

As seen, CN can be correlated with PD. The CN was first estimated using equation (1) based on the
predicted PD. The estimated CN is deviated by 0.46 from the predicted CN. For a better link between PD
and CN in DEM simulation, we suggest a new conversion equation (8) with adjusted coefficients of
a=1.925 and b=0.04545. Figure 20 shows that the ultimate estimation and DEM prediction are well
agreed after the coefficient calibration. Although packing density (on red solid line) decreases by
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approximately 5% with increase of rake velocity, the change of CN is 0.2 and it may be too small to
experimentally measure. Furthermore, the PD and CN relationship is sensitive to several factors such as
particle types, size, and adhesion conditions. This implies that powder bed quantification can be
reinforced by numerical analysis.

CNy=2a+ 11bf? (8)
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Figure 20. Correlation of overall packing density with overall coordination number (CN) as a function of
rake velocity.

Figure 21 shows a local variation of PD and CN at the rake velocity of 2.54 cm/s. PD is the highest at
the start and decreases by 3.5% as the rake goes to the end of the powder bed. In general, PD decreases
with CN as the interparticle attractive force increases [20]. Interestingly, the highest CN is found at the
center rather than the start region where the PD is not the highest. This inconsistency implies that particles
interact with the recoater system and rearrange the packing order and interparticle contacts on a local
scale. Recall that the change of CN was subtle in the overall scale but there are noticeable variations
observed in the local region of powder bed. This inhomogeneous distribution in CN and PD potentially
leads to non-uniform heating, melting, and boding in part building steps.
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Figure 21. Local variation of packing density (PD) and coordination number (CN) at rake velocity of 2.54
cm/s. Interaction of particles with recoater system leads to change of powder bed configuration.
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2.4.2 Tensorial Method: Orientation of Inter-Particle Contacts

In metal AM, particles are heated and melted (or sintered) by a heat source such that knowing
heat transfer direction makes the process more controllable. Heat transfer in the powder bed primarily
occurs through contracts between particles [21]. The recoater pushes and spreads the particles forwards
and downwards and consequently it breaks the initial shape of the particle pile and alters the position of
particles. It potentially rearranges the location and direction of the interparticle contacts. The rose diagram
is commonly used in geology [13] and it can be used to visualize the fabric tensor quantifying anisotropy
of interparticle contracts in frequency and orientation. Figure 22 shows the rose diagram for the (a)
second-, (b) fourth-order fabric tensor, and the (c) difference between the tensors at the different powder
bed locations of start, center and end. Figure 22(c) shows that fourth-order fabric tensor has more
dimpled top and side faces than second-rank tensor. It directs that there are less interparticle contacts at
the top and the sides in the fourth-rank representation, which indicates the additional geometrical
complexity present in the fort-rank tensor. It concludes that second-order fabric tensor is insufficient to
characterize the directionality of interparticle contacts with details. In general, the spherical shape
indicates near-uniform distribution in interparticle contacts. An evident alignment was found along y-axis
at the start region in both second and fourth order. The alignment becomes weaker at the center region
and develops directionality again as the rake moves to the end region.
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Figure 22. Fabric tensor plot using rose diagram with (a) second and (b) forth-order tensors. The difference
between the second and fourth-order fabric tensors shows that the fourth order provides an additional
detailed description of interparticle contacts in the powder bed.
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The fabric tensor analysis in this study is used to understand the influence of spreading process
parameters on the directionality of interparticle contacts. The evolution of the rose diagram is represented
at the start, center, and end region of the powder bed. The difference of two fabric tensors is plotted to
visualize the evolution of interparticle contacts at rake velocity of x1 and x5 in Figures 23 and 24,
respectively. The blue color denotes the reduction of frequency in contacts while red (or yellow)
represents the increase of the contract frequency along the directions. The evolution of interparticle
contracts is plotted in 3-D and x-y plane, x-z plane. There are some variations found in shape, orientation,
and magnitude from each region. In Figure 23(a), the interparticle contact density decreases in y-direction
with increase in x-direction. In Figure 23(b), the trend is even more pronounced in magnitude. Notice that
the positive distribution (in red and yellow color) rotates about 45° compared to that in Figure 23(a). It
indicates that the particle contacts are shifted forward and rotated as the rake moves from the start to end.
In Figure 23(c), the rearrangement in the center-end region is not as strong as in the start-center or start-
end region.
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Figure 23. Evolution of fabric tensor at rake velocity x1.

Figure 24 shows the evolution of interparticle contacts at rake velocity of x5. The overall trend is
almost identical to that at x1 rake velocity. The positive distribution increases in raking direction (along
x-axis) and a negative distribution becomes stronger in transverse direction. However, it is not likely that
the shift of interparticle contacts at x5 rake velocity is as strong as that in Figure 23. At the beginning of
the spreading step in Figure 24(a), the particle contacts are immediately pushed forward and rotated with
some degree because of higher translational velocity which has a nature of breaking and mixing the
particles than ordering them. Figure 24(b) confirms that the shift in magnitude of particle contacts at the
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higher rake velocity is not as strong as that at the lower rake velocity in Figure 24(b). Since the
distribution of interparticle contacts is similar at the center and end region, the rearrangement action is

minimal in Figure 24(c).
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Figure 24. Evolution of fabric tensor at rake velocity x5.

Fabric tensor illustrates the directionality of the inter-particle contacts. The particle contacts are
directly related to the direction of heat transfer in the powder bed. Figure 25 shows a boundary conditions
of heat transfer simulation at the center region of powder bed. The heat source is assumed as hemisphere
with 500 um diameter. The heat source heats the powder bed up to 1300 °C and is immediately turned off.
This mean allows us to examine heat conduction behavior through the particle contacts in the regions
having different scalar and tensorial properties.
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Figure 25. Initial boundary condition for heat transfer simulation. Heat source with 1300 °C and 500 pm
diameter was applied to heat up the powder bed.
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Figure 26 shows the temperature distribution at rake velocities of x1 that showed a stronger
directionality in interparticle contacts. The same heat source was applied to the start or center or end
region to check heat transfer through the particle contacts. The upper and lower temperature limit is 360
°C and 250 °C for Figure 26(a)-(c) to highlight the difference in the temperature distribution. It shows that
the temperature distribution is skewed in Figure 26(a), so it is likely elliptical rather than the circular. It
indicates that heat conduction through transverse direction (along y-axis) is stronger than longitudinal
direction (along x-axis) at the start region. As the rake rearranges the interparticle contacts at the center
region, the heat conducts uniformly out in all directions in Figure 26(b). Further spreading leads to
additional arrangements of interparticle contacts along the raking direction. Heat transfers along the
spreading direction, but the trend is subtle in Figure 26(c). The predicted peak temperatures are 342 °C,
338 °C, and 348 °C at the end of heat transfer simulation at the start, center and end region, respectively.
The variation can be attributed to local variation of interparticle contacts and particle configuration within
the area of heat source. Notice that the peak temperatures inversely increase with CN rather than PD in
Figure 20.
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Figure 26. Temperature distribution at the end of simulation at (a) start, (b) center and (c) end region in the
powder bed at x1 rake velocity.

Roundness of the temperature field was examined to quantify the effect of directionality on heat
conduction. The outline of the temperature field was taken from the start, center, and end region using
image process software, ImageJ. The software measures the length of major axis and area of the geometry
and calculates the roundness based on the equation (9). R is roundness, A is area of the shape, and Lgy;s is
length of major axis.
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The roundness of the heat affected zones is quantified to compare the directionality of the
interparticle contact related heat transfer in Figure 27. The roundness increases from the start (=0.890) to
center (=0.975) and then it decreases from the center (=0.975) to the end (=0.954) region. As seen above,
the shape of rose diagram was like a dumbbell at the start which shows the interparticle contacts are non-
uniform whereas the shape is sphere like at the center which is uniform distribution in interparticle
contacts. The same uniformity change is found in the roundness plot for heat conduction. It verifies that
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heat transfer direction follows the direction of interparticle contracts. Note that we can use this
information to control heat transfer direction in the powder bed.
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Figure 27. Roundness plot for heat conduction at the (a) start, (b) center and (b) end region in the powder
bed. Smaller roundness indicates that non-uniform heat conduction occurs in the powder bed.

We show how to quantify the features of powder bed structure using the tensorial method. The next
question is how to control the powder bed quality using fabric tensor. Figure 28 shows a similarity of the
fabric tensors (shown in Figure 23-24) to spherical harmonic [22]. The spherical harmonics are an infinite
set of harmonic functions over the sphere, which are often used in mathematics, physics, and computer
science [10, 23]. The similarity in shape leads to many useful considerations of converting the shape of
the fabric tensor to the mathematical formulae of computing necessary quantities. The interparticle
contact distributions can be calculated by Fourier series in 2D and spherical harmonics in 3D [10, 23].
The converting provides a beneficial process parameter for manipulation of heat conditions in the powder
bed, which can be controlled from the system software.
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Figure 28. Representation of spherical harmonic.

3. IMPACTS

The developed tool fits into a broader computational modeling framework which enables end-to-end
simulation of powder-bed based AM processes to support virtual process design and certification. It is
estimated and reported that the AM technology can lead to small (3% for fused deposition modeling) to
extreme (98% for laser sintering) reduction in energy consumption [24]. The established model
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potentially plays a key role in shortening the certification time for the manufacturing system and resultant
reduction of the production time to market. Consequently, it reduces the cost of qualifying critical AM
fabricated parts such that waste and rejected parts will be significantly reduced.

4. PLANS FOR FUTURE COLLABORATION

Based on the current development, the powder spreading tools can be incorporated onto additive
manufacturing machines. The modeling tool potentially enables in-situ powder bed assessment to
quantify powder bed structure. This computational modeling framework could be extended to different
powder materials which have unlike interactive behavior to the recoater system and environment (e.g.,
adsorbed moisture) in packing density, particle size distribution and interparticle contacts across the
powder bed for powders.

5. SUBJECT INVENTIONS

There are no subject inventions associated with this CRADA.

6. COMMERCIALIZATION POSSIBILITIES

The developed models and the simulation workflow can be organized into a software package for
modeling of powder spreading in AM. The powder spreading simulations can be used as starting
condition for selective melting and fusion modeling in the overall AM simulation package.

7. CONCLUSIONS

The project was successfully completed and met all of the targeted milestones to enable the next step
in the development of powder bed AM process. The project developed a unique method for full
characterization of powder bed structure using analytical and numerical modeling tools. Notable
accomplishments for this project are:

Development of DEM simulation for multi-layer powder spreading simulation. To the best of the
author’s knowledge, the multi-layer simulation for metal AM process has not been reported in the
literature to date.

Detailed characterization of particle’s static and spreading behavior which showed a good agreement
with the developed particle simulation.

Deeper understanding of powder spreading process and particles interaction which results in a change
of particle size distribution and particle segregation during the powder spreading step.

Complete characterization of powder bed structure using scalar (porosity, surface roughness, and
coordination number) and tensorial (directionality of interparticle contacts) methods which reveal
that there may be an anisotropic heat transfer in the powder bed.
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o Similarity in the shape of fabric tensor with spherical harmonic may lead to beneficial consideration
of converting the shape of fabric tensor to mathematical formulae which provides a beneficial
process parameter controlled by the system software.

The technical scope of this work fits into a broader computational modeling framework that will
enable end-to-end simulation of powder-bed based additive processes to support virtual process design
and certification. Also, the project accelerates transformational technological advances in metal additive
space. The developed technologies in this project support the optimization of powder spreading process,
reduction of testing cycles, shortening of time to market, and reducing waste and rejected parts.
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